Monocytes are central components of the innate immune response and normally circulate for a short period of time before undergoing spontaneous apoptosis. During inflammation, differentiation, or oncogenic transformation, the life span of monocytes is prolonged by preventing the activation of the apoptotic program. Here we showed that caspase-3, a cysteine protease required for monocyte apoptosis, is a phosphoprotein. We identified protein kinase C␦ (PKC␦) as a member of the protein kinase C family that associates with and phosphorylates caspase-3. The PKC␦-dependent phosphorylation of caspase-3 resulted in an increase in the activity of caspase-3. This effect of PKC␦ is specific to caspase-3, as evidenced by the absence of similar effects on caspase-9. The activity of PKC␦ precedes the activation of caspase-3 during spontaneous monocyte apoptosis and in monocyte-induced apoptosis. We found that the overexpression of PKC␦ resulted in an increase of apoptosis, whereas its inhibition blocked caspase-3 activity and decreased apoptosis. Our results provided evidence that the PKC␦-dependent phosphorylation of caspase-3 provided a novel pro-apoptotic mechanism involved in the regulation of monocyte life span.
stimulus, the precursors are converted into active caspases by proteolytic processing (9) . Caspase-3 is an "effector" caspase that requires two proteolytic cleavages to mature into an active enzyme (10) . The first proteolytic step is dependent upon the activity of "initiator" caspases, such as caspase-8 or -9 that cleave caspase-3 between the long (p17) and the carboxyl-terminal (p12) domains (11, 12) . Generation of the active caspase-3 also requires a second cleavage, occurring between the prodomain and the p17 domain, a cleavage that has been suggested to be autocatalytic (13) .
Given the central importance of caspases in the regulation of cell fate in the immune system, the activation of caspases is controlled by several mechanisms, including protein-protein interactions and post-translational modifications (14) . For example, caspase-3 activity is blocked by S-nitrosylation in human monocytes (15) , and the denitrosylation of caspase-3 results in caspase-3 activation in B and T cell lines upon Fasinduced apoptosis (16) . Phosphorylation is another well recognized mechanism of protein regulation that has been extensively implicated in apoptosis (reviewed in Ref. 17) . However, the involvement of kinases as direct modulators of caspases is just starting to be recognized. For example, the activation of caspase-9 is inhibited by phosphorylation by the serine-threonine kinase protein kinase B/Akt or by the extracellular signal-regulated kinase (ERK) (18, 19) . In this context, macrophage colony-stimulating factor promotes monocyte survival through the inhibition of caspase-9 activation due to phosphorylation by Akt in a phosphatidylinositol 3-kinase-dependent manner (6) . Consistent with this, the reactivation of apoptosis in lipopolysaccharide-treated monocytes by the antiinflammatory cytokine interleukin-4 depends, at least in part, on the suppression of ERK 1 phosphorylation (20) . Although the role of signal transduction cascades in the regulation of apoptosis and cell fate establishment in myeloid cells is broadly accepted, the specific signaling events that regulate monocyte apoptosis remain unknown.
Protein kinase C (PKC) constitutes a large family of serine/ threonine protein kinases consisting of at least 10 different isoforms classified into three subgroups based on their cofactor requirements as follows: classical, novel, and atypical (21) . The involvement of PKC in the regulation of apoptosis is well documented, functioning either as activators or inhibitors of apoptosis, depending on the particular cell type and the specific apoptotic stimulus (22, 23) . PKC␦, a member of the novel sub-class, is abundantly expressed in human monocytes (24) and one of the first substrates of caspase-3 to be identified (25) . Activation of PKC␦ during apoptosis was observed in several cell types in response to a variety of stimuli, and PKC␦ promotes the apoptosis of neutrophils, myocytes, and etoposideinduced salivary gland acinar cells (26 -30) .
We show here that caspase-3 is phosphorylated in vivo in monocytic cells. We demonstrate that caspase-3 associates with and is phosphorylated in vitro by PKC␦. We found that activation of PKC␦ precedes caspase-3 activity during spontaneous and induced monocyte apoptosis, and the phosphorylation enhances caspase-3 activity. In addition, we show that overexpression of PKC␦ increases apoptosis, whereas down-regulation of PKC␦ expression prolongs monocyte survival, inhibits caspase-3 activation, and decreases caspase-3 phosphorylation. Taken together, these studies suggest that the PKC␦-dependent phosphorylation of caspase-3 provides a novel pro-apoptotic mechanism involved in the regulation of the monocyte life span.
MATERIALS AND METHODS
Cell Culture and Monocyte Purification-Human monocytes were purified by clumping, as described previously (2) . Briefly, fresh human monocytes were obtained from normal donors and diluted 1:1 with sterile saline solution. The solution was subsequently centrifuged through a Histopaque-1077 gradient column (Sigma) at 600 ϫ g for 20 min at 4°C. The mononuclear layer was removed, washed, and spun twice in RPMI 1640 (BioWhittaker, Walkersville, MD), and the cells were counted. The cells were resuspended in RPMI 1640, 10% fetal bovine serum (Hyclone, Logan, UT) at a concentration of 5 ϫ 10 7 cells/ml. Cells were rotated at 70 rpm on a horizontal rotor for 1 h at 4°C to induce clumping and then sedimented by gravity for 20 min through 100% fetal bovine serum at 4°C. The sedimented cells were subsequently washed twice in RPMI 1640 and resuspended in RPMI at a final concentration of 1 ϫ 10 6 cells/ml. The population of monocytes obtained was on average 70 -80% pure as estimated by flow cytometry using an anti-CD14 marker (BD Biosciences). In all experiments monocytes were incubated at a concentration of 2 ϫ 10 6 cells/ml in serum-free RPMI 1640 at 37°C in 5% CO 2 . THP-1 premonocytic cells and HeLa cells were cultured in RPMI 1640 with 5% heat-inactivated fetal bovine serum in the presence of 50 g/ml penicillin and streptomycin (Invitrogen) at 37°C in 5% CO 2 . For the in vivo labeling experiments, cells were washed once with PBS and incubated for 1 h at 37°C in RPMI 5% serum in the absence of sodium phosphate. 10 7 cells/ml were labeled with inorganic phosphate (1 mCi/ml, specific activity 9120 Ci/mmol, PerkinElmer Life Sciences) for 4 h in RPMI 1640 containing phosphate at 37°C in 5% CO 2 .
Extract Preparation and Immunoprecipitation-Cells were pelleted and washed once with KPM buffer (50 mM KCl, 50 mM PIPES, 10 mM EGTA, 1.92 mM MgCl 2 , pH 7, 1 mM DTT, 0.1 mM PMSF, 10 g/ml cytochalasin B, and 2 g/ml each of the protease inhibitors chymostatin, pepstatin, leupeptin, and antipain). Extracts were prepared by lysing the cells for 10 min on ice with Nonidet P-40 kinase extraction buffer (0.5% Nonidet P-40, 10 mM Tris, pH 7.5, 5 mM EDTA, pH 8, 10 mM sodium glycerophosphate, 5 mM sodium pyrophosphate, 1 mM sodium orthovanadate, 1 mM DTT, 100 M PMSF, 2 g/ml protease inhibitors). Extracts were then centrifuged for 10 min at 14,000 ϫ g in a microcentrifuge. Supernatants were aliquoted and kept at Ϫ70°C for future use. Immunoprecipitations were carried out by rocking extracts with 10 l (50% slurry) of monoclonal antibodies coupled to protein A-Sepharose TM (Amersham Biosciences) for 3 h at 4°C. In vivo labeled cell lysates, obtained as described above, were immunoprecipitated in the presence of 0.1% SDS after a 15-min incubation at 55°C. Monocyte cell extract equivalent to 2 ϫ 10 8 cells was used per each immunoprecipitation reaction for the caspase-3 and PKC␦ coimmunoprecipitation experiments. For PKC␦ immunoprecipitation followed by in vitro kinase reaction shown in Fig. 3B , less than 2 ϫ 10 6 THP-1 cells were used in each reaction. Antibodies or IgG isotype control were cross-linked to protein A beads as follows: 225 l of antibodies were rocked with 1 ml of wet protein A beads for 1 h at room temperature. The beads were washed with 30 ml of 0.1 M triethanolamine (Sigma), pH 8.3, and then incubated for 4 h at room temperature with 50 mM dimethylpimelimidate (Pierce). The beads were spun down and incubated for 2 h with 0.1 M ethanolamine (Sigma). The beads were washed in a column with 150 ml of PBS followed by 150 ml of KPM buffer. Immunoprecipitates were washed four times with RIPA kinase extraction buffer (50 mM Tris, pH 7.2, 150 mM NaCl, 10 mM NaF, 10 mM EDTA, 0.5% deoxycholate, 0.1% SDS, 1% Nonidet P-40, 1 mM DTT, 100 M PMSF, 2 g/ml of protease inhibitors). Beads were then washed two times with the kinase assay buffer (25 mM HEPES, pH 7.3, 10 mM MnCl 2 , 1 mM MgCl 2 , 1 mM DTT).
In Vitro Kinase Assays-After immunoprecipitation, kinase assays were performed by incubating the beads for 1 h at 37°C in the presence of 20 l of kinase assay buffer containing 0. 32 P] ATP in the presence of 10 ng of human PKC␦. A mixture of phosphatidylserine (200 g/ml final concentration) and diacylglycerol (20 g/ml final concentration) was also added to the reaction as cofactors of PKC␦. The control reaction for Fig. 4 consists of the exactly same reaction set up except that PKC␦ was boiled for 10 min before its addition onto the reaction mixture. Boiled PKC␦ was unable to phosphorylate H2B or rCasp-3 in in vitro kinase assays (data not shown). The phosphorylation reaction was carried out at 37°C for 1 h and was followed by SDS-PAGE. For the caspase-3 activation reaction to determine the effect of phosphorylation, first the phosphorylation was carried out as described above. Then the caspase-3 activation reaction was followed by addition of an equal volume of 2ϫ caspase-3 activation buffer (100 mM HEPES, pH 7.5, 100 mM NaCl, 20% sucrose, 20 mM DTT and 2 mM PMSF) with 4 units/l of recombinant caspase-9 (rCasp-9, Biomol, Plymouth Meeting, PA). In order to achieve an apparent stop of the kinase activity, the radioactive [␥ 32 P]ATP present in the kinase reaction was quenched by adding 500 M cold ATP at the onset of the activation reaction. The activation reaction was allowed to proceed at 37°C and was stopped by adding 5ϫ Laemmli buffer at a desired time point. Reactions of phosphorylated and nonphosphorylated rCasp-3 were resolved by SDS-PAGE, and both the kinase activity and the caspase-3 activation kinetics were visualized by autoradiography and by Western blot analysis, respectively, after transferring the gel to a membrane.
Preparation of Lysates and Detection of Caspase Activity-The presence of active caspase-3 was determined by using the 7-amino-4-trifluoromethyl coumarin assay (AFC) linked to the tetrapeptide DEVD as described previously (2) . 250 ng of purified rCasp-3 were incubated with DEVD-AFC in a cyto-buffer (10% glycerol, 50 mM Pipes, pH 7.0, 1 mM EDTA, 1 mM DTT) containing 20 M DEVD-AFC. Activity of active rCasp-9 was determined by using 80 units per reaction (488 ng) by the cleavage of LEHD-AFC in a buffer containing 100 mM MES, pH 6.5, 10% PEG (M r 3350), 0.1% CHAPS, 10 mM DTT. DEVD and LEHD-AFC were obtained from Enzyme Systems Products (Livermore, CA). Release of free AFC was determined by using a Cytofluor 4000 fluorometer (Perceptive Co., Framingham, MA; filters: excitation, 400 nm; emission, 505 nm).
Immunoblots and Purification of Recombinant Proteins-Monoclonal antibodies (clone 3-11) that recognize and immunoprecipitate caspase-3 have been described previously (31) . For Western blots, anti-caspase-3 antibody (clone 4-18) was used as described previously (2) . PKC␦ and PKC␣ polyclonal antibodies were obtained from Santa Cruz Biotechnology (Santa Cruz, CA). rCasp-3 carrying His 6 tag at the amino terminus was generated by cloning full-length human caspase-3 into the expression vector pQE31 (Qiagen, Valencia, CA). Cultures were induced with 1 mM isopropyl 1-thio-␤-D-galactopyranoside at A 550 0.5. After induction for 1 h at 20°C, cells were lysed by sanitation in 50 mM sodium phosphate, pH 7.8, 300 mM NaCl, 5 mM ␤-mercaptoethanol, 1% Tween 20, and protease inhibitors (2 g/ml chymostatin, pepstatin, leupeptin, antipain, and 1 mM PMSF). Lysates were centrifuged for 10 min at 17,000 ϫ g, and the supernatant was allowed to bind to the nickel-nitrilotriacetic acid-agarose (Qiagen) in the presence of RNase (5 g/ml) for 2 h at 4°C. After binding, the beads were washed with 16 ml of the buffer containing 50 mM HEPES, pH 7.4, 50 mM NaCl, 10% glycerol, 1% Tween 20, and 1 mM PMSF. The purification was made by batch elution with 1-ml aliquots of the step gradient imidazole dissolved in the wash buffer. Elution fractions containing rCasp-3 were identified by SDS-PAGE and further confirmed by caspase-3 activity assay and by Western blot analysis after dialysis against 50 mM HEPES, pH 7.4, 50 mM NaCl, 10% sucrose, 5 mM DTT.
Transient Transfection and siRNA-THP-1 cells were washed once in PBS and resuspended in the specified electroporation buffer (Amaxa, Cologne, Germany) to a final concentration of 2 ϫ 10 6 cells/ml. 0.5 g of empty vector (pcDNA3-HA), vector containing wild type full-length PKC␦ (pcDNA3-PKC␦-wt-HA), PKC␦, or a dominant negative mutant pcDNA3-PKC␦-DN-HA (32) were mixed with 0.1 ml of cell suspension, transferred to a 2.0-mm cuvette, and nucleofected using the Amaxa Nucleofector TM apparatus according to the manufacturer's specifications. After transfection, the cells were immediately transferred into 3 ml of RPMI medium and cultured for 1 day. Twenty four hours after transfection, the cells were treated with 1 M etoposide (Sigma) for 8 h to induce apoptosis. For silencing experiments, HeLa or THP-1 cells were transfected with 150 nM siRNA-PKC␦ (the siRNA sequences for targeting PKC␦ were sense, 5Ј-GGCUGAGUUCUGGCUGGACTT-3Ј on PKC␦ (33) (Qiagen)), and the same duplex siRNA-PKC␦ labeled with rhodamine (siRNA-PKC␦-R) or a random rhodamine-labeled-negative control (sense, 5Ј-UUCUCCGAACGUGUCACGUTT-3Ј, Qiagen) was utilized. Forty hours after transfection, cells were treated with etoposide to induce apoptosis for 8 h as described above. Cells were then rinsed with PBS and fixed with 2% paraformaldehyde (Sigma) for 5 min at room temperature and treated with 0.2% Triton X-100 (Bio-Rad) followed by rinse with PBS. Cells were stained with 0.5 g/ml DAPI (Sigma) for 15 min at 4°C. Percentage of apoptosis was determined by nuclear fragmentation of cells. Nuclear morphology of 200 cells in each experiment was visualized using Olympus fluorescence microscope and Image ProPlus software (excitation at 300 nm; emission at 461 nm). In silencing experiments only red cells were counted to determine their apoptotic status.
Flow Cytometry-For flow cytometry studies, monocytes were purified by a CD14-positive selection and cultured for 16 h as described previously (20) . CD14-positive monocytes were washed with PBS and stained for annexin V-FITC and propidium iodine using the annexin V-FITC apoptosis detection kit following the manufacturer's specification (Pharmingen). Flow cytometry analysis was performed using BD Biosciences FACSCalibur using Cellquest version 3.3 software.
Statistical Analysis-Results were expressed as means Ϯ S.E. Data were analyzed using Student t test for Figs. 4, 6C, and 7B and by analysis of variance in Fig. 5C using the JMP-SAS statistical program.
RESULTS
Caspase-3 Is a Phosphoprotein-We have shown previously that the activation of caspase-3 plays a central role in human spontaneous monocyte apoptosis (2, 6, 7) . To assess whether caspase-3 is regulated by phosphorylation, we determined the phosphorylation status of endogenous caspase-3. For this purpose, 32 P metabolically labeled THP-1 whole-cell extracts were immunoprecipitated with monoclonal anti-caspase-3 antibodies (Fig. 1) . Two bands, one of 35 kDa and a second of 80 kDa (p35 and p80, Fig. 1A ), were specifically visualized by autoradiography in the immunoprecipitates with the anti-caspase-3 antibodies (Fig. 1A, Casp-3 ) and were absent in the isotype control immunoprecipitation (Fig. 1A, Control) . When the same blot was probed with the anti-caspase-3 monoclonal antibody, only one band co-migrating with p35 was observed (Fig. 1B) . These results suggest that caspase-3 interacts with phosphorylated proteins in vivo. Because the p35 protein of 35 kDa corresponds to the size of the unprocessed precursor caspase-3 (34), which is specifically recognized in the immunoprecipitation and the subsequent Western blot, these results also suggest that caspase-3 is phosphorylated in vivo in monocytes.
Caspase-3 Associates with a Kinase Activity-To investigate whether caspase-3 associates with a kinase activity, the endogenous caspase-3 from freshly isolated monocytes or THP-1 cells was immunoprecipitated with the anti-caspase-3 antibody and subjected to in vitro kinase assays in the presence of [␥-
32 P]ATP, using H2B as a substrate. Endogenous caspase-3 from monocytes coprecipitated with a kinase activity capable of phosphorylating H2B (Fig. 2A, lane 2) . In addition to the phosphorylated H2B, a 35-kDa phosphoprotein was recognized in the caspase-3 immunoprecipitated extracts ( Fig. 2A, lane 2) . This kinase activity was absent in immunoprecipitates performed with the isotype control ( Fig. 2A, lane 1) . When the same membrane was re-probed with the anti-caspase-3 antibody, only the 35-kDa phosphoprotein corresponding to caspase-3 was recognized in immunoprecipitates with the caspase-3 antibodies (Fig. 2A, lane 2) , absent in the isotype control ( Fig. 2A, lane 1) . Similar results were obtained when caspase-3 was immunoprecipitated from extracts obtained from THP-1 cells and assayed for the associated kinase using H2B as a substrate (Fig. 2B) . These results show that caspase-3 associates with a kinase activity in human primary monocytes and in THP-1 monocytic cells.
PKC Inhibitors Block the Caspase-3-associated Kinase Activity-To identify the kinase that associates with caspase-3, the effect of different kinase inhibitors was tested on the phosphorylation of H2B in extracts immunoprecipitated with the anticaspase-3 antibody. Extracts from freshly isolated monocytes were immunoprecipitated with the anti-caspase-3 antibody (Fig. 2C, Casp-3 ) or an isotype control (Fig. 2C, Control) . Following the immunoprecipitation, in vitro kinase assays were performed in the presence (each inhibitor indicated) or absence (Ϫ) of protein kinase inhibitors and using H2B as the substrate. The phosphorylation products were separated by SDS-PAGE and transferred to membranes. The relative levels of kinase activity in each treatment were assessed by quantifying the phosphorylation of H2B. Next, the same membranes were re-probed with the anti-caspase-3 antibody to ensure comparable immunoprecipitation efficiency (Fig. 2C) . Most of the inhibitors tested by the method described above had no effect on the phosphorylation of H2B by the caspase-3-associated kinase activity (Table I) . However, the treatment with very low doses of the potent PKC inhibitor, staurosporine, effectively blocked the caspase-3-associated kinase activity in a dose-response manner (Fig. 2C, lanes 3-5) . In addition, other inhibitors considered selective for PKC, such as bisindolylmaleimide (35) and , blocked the kinase activity at concentrations lower than 10 nM (Fig. 2C, lanes 8 -13 ; Table I ). These findings indicated that a member of the PKC family is likely to be the kinase associated with caspase-3.
PKC␦ Associates with Caspase-3 in Monocytes-Based on the above-described results and because PKC␦ is abundantly expressed in monocytes (24), we next investigated whether PKC␦ is a PKC isoform that associates with caspase-3. Toward this goal, freshly isolated human monocytes extracts were immunoprecipitated with the monoclonal anti-caspase-3, an isotype control, or anti-PKC␦ antibodies. Western blot analysis of the immunoprecipitates obtained with the anti-PKC␦ antibody revealed that a fraction of PKC␦ was associated with caspase-3 in human monocytes (Fig. 2D, lane 4) . Immunoprecipitations using isotype controls (Control A, rabbit IgG, and Control B mouse IgG) did not reveal any caspase-3, indicating the specificity of this interaction (Fig. 2D, Control A and Control B) . In contrast, when similar immunoprecipitation experiments were carried out with commercial antibodies against PKC␣, no association with caspase-3 was revealed (data not shown). Thus, these results show that PKC␦ associates with caspase-3 in monocytes.
PKC␦ Phosphorylates Caspase-3-Based on our findings that caspase-3 is a phosphoprotein and associates with PKC␦, we next evaluated whether caspase-3 is a substrate for PKC␦. For this purpose, we performed in vitro kinase assays with rCasp-3 and purified PKC␦ in the presence of [␥-
32 P]ATP. After separation of the phosphorylation products on SDS-polyacrylamide gels followed by transferring to the membrane and autoradiography, it was evident that purified PKC␦ phosphorylates caspase-3 (Fig. 3A) . The result also revealed an additional phosphoprotein of a higher molecular weight (Fig. 3A) , which Western blot analysis using anti-PKC␦ antibody identified as PKC␦ (data not shown). The probing of the same membrane with the anti-caspase-3 antibody showed equal loading of rCasp-3 (Fig. 3A, lower panel) .
We next analyzed whether endogenous PKC␦ from mono- 1 and 3) . Immunoprecipitations were subjected to in vitro kinase assays in the presence of H2B and [␥-32 P]ATP. Kinase reaction products were resolved by SDS-PAGE and transferred to a membrane. Phospholabeled proteins were visualized by autoradiography. The same membrane was immunoblotted with anticaspase-3 antibody. C, extracts from fresh primary human monocytes were immunoprecipitated with the anti-caspase-3 antibodies (Casp-3) or an isotype control (Control). Subsequently, immunoprecipitations were subjected to in vitro kinase assays in the presence of H2B, [␥- 
TABLE I Effect of different inhibitors on the activity of caspase-3-associated kinase activity
The caspase-3-associated kinase was immunoprecipitated with anti-caspase-3 antibody from monocytes and subjected to in vitro kinase assays in the presence of various kinase inhibitors. Ϫ indicates no inhibitory effect; ϩ indicates inhibition, and ϩ/Ϫ indicates some minor inhibition. PKA, cAMP-dependent protein kinase. cytes was able to phosphorylate rCasp-3. For this purpose, PKC␦ was immunoprecipitated from THP-1 cell extracts using PKC␦-specific antibodies and subsequently subjected to an in vitro kinase assay in the presence of [␥-32 P]ATP using both H2B and the rCasp-3 as substrates. Each immunoprecipitation was performed with 2 ϫ 10 6 cells, the amount in which the endogenous caspase-3 is undetectable. Phosphorylation of the rCasp-3 was only observed in the in vitro kinase reaction performed with immunoprecipitates carried out with the PKC␦-specific antibodies (Fig. 3B, lane 3) . Neither the anti-PKC␣ nor the isotype control immunoprecipitates were able to phosphorylate rCasp-3 (Fig. 3B, lanes 1 and 5) . Similar negative results were obtained with PKC␤ (data not shown). However, immunoprecipitates of both PKC␦ and PKC␣ retained similar activities for the phosphorylation of H2B (Fig. 3B, lanes 2-5) . The same membrane was re-probed successively with antibodies against caspase-3, PKC␦, and PKC␣ to ensure equivalent loading of rCasp-3 as well as the specificity of the immunoprecipitations (Fig. 3B) . Together, these results demonstrate that caspase-3 is a specific substrate for PKC␦.
Next, we investigated whether PKC␦ was required for caspase-3 phosphorylation. For this purpose, THP-1 lysates (Fig. 3C, lane 4) were immunoprecipitated using different amounts of anti-PKC␦ antibody (4 or 8 l Fig. 3C, lanes 2 and  3, respectively) to deplete endogenous PKC␦ or an isotype used as mock immunoprecipitation control (Fig. 3C, lane 1) . Supernatants from the immunoprecipitations were analyzed by immunoblotting using anti-PKC␦ antibodies. Lysates from which PKC␦ was immunoprecipitated showed a reduced level of endogenous PKC␦ (Fig. 3C, lanes 2 and 3) , when compared with the immunoprecipitates using an isotype control (Fig. 3C, lane  1) . The same membrane was re-probed with anti-PKC␣ and anti-␤-tubulin to ensure specificity and equal loading (Fig. 3C,  lower panels) .By using these lysates, we next investigated the status of caspase-3 phosphorylation. For this purpose, depleted PKC␦ lysates (shown in Fig. 3C, lanes 2 and 3) were immunoprecipitated with the anti-caspase-3 antibody (Fig. 3D, lanes 2  and 3, respectively) or an isotype control (Fig. 3D, lane 4) . Caspase-3 was also immunoprecipitated from mock lysate controls that contained PKC␦, as shown in Fig. 3C , lane 1. These immunoprecipitates were subjected to in vitro kinase assays in the presence of H2B. Lysates lacking PKC␦ had a reduced ability to phosphorylate caspase-3 (Fig. 3D, lanes 2 and 3) than mock depletion lysates containing PKC␦ (Fig. 3D, lane 1 , lysates obtained as in Fig. 3C, lane 1) . Similarly, phosphorylation of H2B was also reduced in lysates depleted of PKC␦. Caspase-3 was absent in the isotype control immunoprecipitates (Fig. 3D, lane 4, upper and lower panel) . The same membrane was re-probed with antibodies against caspase-3 to ensure the specificity of the immunoprecipitations (Fig. 3D, lower  panel) . These results taken together show that PKC␦ is required for caspase-3 phosphorylation.
PKC␦ Increases Caspase-3 Activation-According to the current model, the proteolytic activation of caspase-3 involves two steps (9) . The first step is the cleavage between the p17 and the p12 domains, mediated by initiator caspases such as caspase-9. The second step involves the autocatalytic cleavage between the prodomain and the p17 domain (12, 37) . By having established that caspase-3 is phosphorylated by PKC␦, we next examined the effect of phosphorylation on the activity of caspase-3. For this purpose, full-length rCasp-3 was first phosphorylated in vitro by PKC␦. In the experimental conditions used, we routinely obtain 1 molar eq of phosphate incorporated per 4 molar eq of rCasp-3 (see "Materials and Methods"). The control constituting nonphosphorylated caspase-3 was composed by the same reaction mixture except that PKC␦ was boiled prior to the addition to the mix (see "Materials and Methods").
After completion of the kinase reaction for 1 h at 37°C, rCasp-9 was added to the reaction. After 0, 2, or 4 h of incubation with rCasp-9, caspase-3 activity was measured using the DEVD-AFC substrate (see "Materials and Methods"). Based on the amount of fluorescent product formed (Fig. 4A) , the enzymatic activity of caspase-3 was compared in the phosphorylated and nonphosphorylated samples. The results show a statistically significant increase of rCasp-3 activity after phosphorylation (Fig. 4B) . For example, after 2 h there is 50% more caspase-3 activity in phosphorylated caspase-3 than in the nonphosphorylated caspase-3 reaction. At 4 h, ϳ30% more caspase activity was found in the phosphorylated caspase-3, compared with the nonphosphorylated counterpart. Unlike caspase-3, no activation of caspase-9 was observed when it was added to the kinase reaction mixture containing PKC␦, as determined using LEHD-AFC, a substrate specific for caspase-9 (data not shown). Taken together, these results indicate that caspase-3 can be specifically activated by PKC␦-mediated phosphorylation and suggest that PKC␦ may function as a pro-apoptotic regulator by directly modulating the activity of caspase-3 in the cell.
PKC␦ Activation during Spontaneous Apoptosis of Primary Human Monocytes-To assess the function of PKC␦ in monocytic cells, we next examined the activity of PKC␦ during monocyte apoptosis. For this purpose, first we used human monocytes undergoing spontaneous apoptosis by culturing them for different lengths of time, as described previously (2). To determine the activity of PKC␦, monocytes lysates were immunoprecipitated with the anti-PKC␦ antibody and subjected to in vitro kinase assay using H2B as a substrate. The activity of PKC␦ rapidly increased at least four times during the 1st h of incubation and was followed by a second increase around 4 h (Fig. 5A ). Caspase-3 activation was apparent 2 h after the start of monocyte incubation (Fig. 5B) . These results show that there is detectable PKC␦ activity that precedes caspase-3 activation, which is followed by a second increase of PKC␦ activity occurring after the activation of caspase-3.
We next examined the effect of the PKC inhibitor staurosporine on human spontaneous monocytes apoptosis. For this purpose, freshly isolated human monocytes were cultured for 16 h in the presence of staurosporine or were left untreated (apoptotic). We found that caspase-3 activity was inhibited by the treatment with 10 nM staurosporine (Fig. 5C) , whereas the ERK inhibitor, PD098059, failed to reduce the activation of caspase-3 (Fig. 5C ). Consistent with this result, we found that the number of apoptotic monocytes was reduced in the presence of 10 nM staurosporine when compared with the monocytes left untreated, as determined by the number of cell stained with annexin V (Fig. 5D) . Taken together, these results demonstrate that PKC␦ was acting as an activator of cell death in monocytic cells supporting its role in the activation of caspase-3.
PKC␦ Acts as a Pro-apoptotic Kinase in Monocyte Apoptosis-To investigate further the role of PKC␦ on apoptosis, we determined the activity of PKC␦ in cells induced to undergo apoptosis. For this purpose, lysates from THP-1 cells treated with 1 M etoposide for different lengths of time to induce apoptosis were used to determine the activity of PKC␦. THP-1 lysates were immunoprecipitated with the anti-PKC␦ antibody and subjected to in vitro kinase assay using H2B as a substrate. The activity of PKC␦ rapidly increased during the 1st h of incubation with etoposide (Fig. 6A) . The caspase-3 activity in the same lysates was determined, showing that the activation of caspase-3 occurred approximately after 3 h of etoposide treatment (Fig. 6B) . The increase of PKC␦ activity occurred prior to the activation of caspase-3 in etoposide-induced apoptosis. Similar results were obtained when taxol was used to induce apoptosis (data not shown). Thus, these results show that PKC␦ activation occurs prior caspase-3 activation in etoposide-induced apoptosis.
To establish further the participation of PKC␦ in monocyte apoptosis, cells were transfected with a full-length PKC␦-wt-HA construct driven by the cytomegalovirus promoter, a dominant negative mutant (PKC␦-DN-HA), or by the empty vector control (see "Materials and Methods"). Twenty four hours after transfection, cells were induced to undergo apoptosis with 1 M etoposide for 8 h. Cells overexpressing PKC␦ and treated with etoposide showed an increased number of cells undergoing apoptosis, as determined by the number of cells with DNA fragmentation compared with cells transfected with vector alone or with the dominant negative mutant (Fig. 6C) . Similarly, PKC␦-overexpressing cells showed an increase of apoptotic cells when treated with taxol (data not shown). These experiments indicate that overexpression of PKC␦ increases DNA fragmentation, an apoptotic change that requires caspase-3 activity.
We next examined the effect of down-regulation of PKC␦ expression on apoptosis. For this purpose, we determine first the ability of siRNA duplexes that target PKC␦ (siRNA-PKC␦ (33)) to silence PKC␦ expression in highly transfectable HeLa cells. Cells were transfected with siRNA-PKC␦, with the same duplexes labeled with rhodamine (siRNA-PKC␦-R), and with a rhodamine-labeled random duplex control (siRNA-Control-R and see "Materials and Methods"). Immunoblotting analysis with anti-PKC␦ and PKC␣ antibodies showed the specific down-regulation of PKC␦ expression in cells transfected with FIG. 4 . Phosphorylation increases the activity of caspase-3. Human full-length recombinant caspase-3 (rCasp-3) was subjected to in vitro kinase assays in the presence of [␥-
32 P]ATP and PKC␦ or boiled inactivated-PKC␦. Products of the kinase reaction were mixed with active rCasp-9. After incubating the reaction for 2 and 4 h, the reaction samples were assayed for caspase-3 activity by the DEVD-AFC cleavage assay. A, cleavage of DEVD-AFC was monitored as released fluorescent AFC (fluorescence units) over time for phosphorylated (black symbols) and unphosphorylated (white symbols) rCasp-3 incubated for 2 (triangles) or 4 h (circles) with rCasp-9. Phosphorylated rCasp-3 samples not subjected to rCasp-9 activation (white square) were included as a control. A typical example of several similar results is shown. B, the slopes from A were used to calculate and compare the caspase-3 activity of phosphorylated and nonphosphorylated samples. Values are means Ϯ S.E. of phosphorylated samples (black bars) and unphosphorylated control (gray bars) at 2-h (n ϭ 3; *, p Ͻ 0.01) and 4-h time points (n ϭ 3, **, p Ͻ 0.05, Student's t test). the siRNA-PKC␦ or the rhodamine-labeled duplex counterpart (Fig. 7A, lanes 3 and 4, respectively) . Lysates from cells transfected with the control showed levels of PKC␦ similar to nontransfected cells (Fig. 7A, lanes 2 and 1, respectively) . The same membrane was re-probed with anti-PKC␣ antibodies to ensure the specificity of the silencing and with ␤-tubulin to ensure equivalent loading (Fig. 7A) . Next, we investigated the effect of silencing PKC␦ on DNA fragmentation, a process that requires caspase-3 activity and is considered a hallmark of apoptosis (38, 39) . For this purpose, THP-1 cells were transfected with siRNA-PKC␦-R or siRNA-Control-R (Fig. 7B , see red cells). Forty hours after transfection, cells were left untreated or induced to undergo apoptosis for 8 h with 1 M etoposide. After this period, nuclei were stained with DAPI, and the number of apoptotic cells was determined as the percentage of cells with fragmented DNA (only nuclei from red transfected cells were considered). We found that silencing PKC␦ reduced the number of apoptotic cells as determined by the reduction on the number of cells with DNA fragmentation (Fig. 7B, g and h) . Cells transfected with the siRNA-Control underwent DNA fragmentation at higher percentage (Fig. 7B,  e and f, see arrows) . On the contrary, in cells transfected with siRNA-PKC␦-R (Fig. 7B, g and h, see arrows) , shown in red, DNA fragmentation is absent, whereas cells in the same panels that were not transfected (cells are not red) still showed DNA fragmentation. These results taken together suggest that PKC␦ induces DNA fragmentation, an apoptotic change dependent on caspase-3 activity.
DISCUSSION
Activation of caspase-3 is a key process in the execution of monocyte apoptosis (2) . In the present study we describe a novel mechanism involved in the regulation of caspase-3. The results from in vivo labeling experiments of monocytic cells suggest that caspase-3 is a phosphoprotein in vivo (Fig. 1) . Consistent with these findings, we established that endogenous caspase-3 from human monocytes or THP-1 cells associates with a kinase activity capable of phosphorylating caspase-3 (Fig. 2, A and B) . By using a number of different kinase inhibitors, our results indicated a participation of PKC in the phosphorylation of caspase-3 (Table I and Fig. 2C ). Because PKC␦ is abundantly expressed in monocytes (24) and is a substrate of caspase-3 (25, 40, 41) , we examined whether PKC␦ might associate with caspase-3. We found that PKC␦ associates with caspase-3 in monocytes (Fig. 2D) . We also demonstrated that purified PKC␦ phosphorylates caspase-3 and that the immunoprecipitated endogenous PKC␦ from THP-1 cells phosphorylates caspase-3 (Fig. 3, A and B) . We cannot rule out at this point the possibility that caspase-3 is a substrate for other kinases in addition to PKC␦; however, experiments performed under similar conditions failed to detect an association with PKC␣ or PKC␤, both isoforms also abundantly expressed in monocytes (24) . Moreover, PKC␣ immunoprecipitates failed to phosphorylate caspase-3 (Fig. 3B) . Hence, these results strongly suggest that caspase-3 is associated and phosphorylated by PKC␦.
The role played by PKCs as either pro-or anti-apoptotic regulators appear to depend on the specific isoform, the cell type in study, and the particular apoptotic stimulus (29) . Recent studies revealed that mice lacking PKC␦ have increased proliferation of B cells and develop autoimmune diseases (42, 43) . Consistent with these findings, our studies show an increase of 4-fold in PKC␦ activity during the 1st h of spontaneous monocyte apoptosis, prior to caspase-3 activation (Fig. 5A) . Similarly, PKC␦ activity preceded caspase-3 activation when apoptosis was induced with etoposide or taxol (Fig. 6 and data not shown). A second increase in PKC␦ activity was observed after the activation of caspase-3 (Fig. 5A) , reflecting the reported activation of PKC␦ by caspase-3 (44) . An increase of PKC␦ activity prior to caspase-3 activation has also been reported on tetrandrine-induced apoptosis of U937 monocytic cells (30) . In addition, we found that PKC␦ overexpression increased apoptosis in monocytic cells treated with etoposide or taxol (Fig. 6, and data not shown) . In support of a pro-apoptotic role, treatment with a PKC inhibitor prevented spontaneous monocyte apoptosis and inhibited caspase-3 activity (Fig. 5) . Consistent with these findings, attenuation of PKC␦ decreased caspase-3 phosphorylation (Fig. 3D) , and silencing of PKC␦ expression inhibited etoposide-induced-DNA fragmentation (Fig. 7B) , a process in which caspase-3 activity is essential (38, 39) . Hence, one possible mechanism for the pro-apoptotic function of PKC␦ in the cell might be achieved through the phos- phorylation and induction of the activity of caspase-3. In this context, we found a 30% increase in caspase-3 activity when caspase-3 is phosphorylated by PKC␦ (Fig. 4B) . Although our results showed that phosphorylation of caspase-3 increases its overall activity, future experiments will be required to elucidate whether the phosphorylation affects the activity per se or acts by increasing the activation of caspase-3.
So far, only caspase-9, another member of the caspase family, was showed to be phosphorylated by Akt or ERK (18, 19) . Despite these previous findings, we observed no effect of the phosphatidylinositol 3-kinase inhibitor LY294002 nor the PD098059 and UO126 (mitogen-activated protein kinase inhibitors) on the caspase-3-associated kinase activity (Table I ). In agreement with previous reports, we failed to find an association of caspase-3 with ERK or Akt (18, 19) in monocytic cells. Moreover, PKC␦ was not able to stimulate caspase-9 activity (data not shown). Our findings that PKC␦ associates and phosphorylates caspase-3 support a pro-apoptotic role in which phosphorylation of caspase-3 promotes its activity during monocyte apoptosis. Taken together these observations suggest an emerging model in which a network of different kinases regulates particular caspases, with the ultimate results of determining cell fate.
